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Direct  wafer  bonds  of  the material  system  n-GaSb/n-Si  have  been  achieved  by  means  of  a  low-
temperature  direct  wafer  bonding  process,  enabling  an  optical  transparency  of  the  bonds  along  with
a  high  electrical  conductivity  of the  boundary  layer.  In the  used  technique,  the surfaces  are  activated  by
sputter-etching  with  an  argon  fast-atom-beam  (FAB)  and  bonded  in  ultra-high  vacuum.  The  bonds  were
annealed  at  temperatures  between  300 and  400 ◦C,  followed  by  an  optical,  mechanical  and  electrical
characterization  of  the interface.  Additionally,  the  inﬂuence  of  the  sputtering  on the surface  topographyirect wafer bonding
rgon-beam surface activation
allium antimonide
eterojunction
arrier transport
of  the  GaSb  was  explicitly  investigated.  Fully  bonded  wafer  pairs  with  high  bonding  strengths  were  found,
as  no  blade  could  be inserted  into  the  bonds  without  destroying  the  samples.  The  interfacial  resistivities
of  the  bonded  wafers  were  signiﬁcantly  reduced  by optimizing  the  process  parameters,  by  which  Ohmic
interfacial  resistivities  of  less  than  5 m cm2 were  reached  reproducibly.  These  promising  results  make
the  monolithic  integration  of GaSb  on Si attractive  for  various  applications.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The monolithic integration of III–V semiconductors on silicon
ffers a wide range of innovative applications, like in the ﬁelds of
ower electronics [1], photonics [2] and photovoltaics [3,4]. III–V
ayers on silicon allow combining favorable material characteristics
f compound semiconductors with the low-cost, the mechanical
tability and the advantages in the processing of silicon. Hence,
irect wafer bonding between GaAs/Si [4,5] and InP/Si [5,6] was
nvestigated extensively in the past years. Likewise, GaSb offers a
ide choice of promising and unique characteristics such as small
ffective masses, high electron and hole mobilities and a band gap
uitable for long-wavelength optical devices [7,8]. In this paper,
e report about the development of a direct wafer bonding pro-
ess for the formation of transparent and electrically conductive
aSb/Si heterojunctions with promise for the integration of anti-
onide layers on silicon. The low-temperature bonding process,
hich was used, is carried out mainly analog to the approach of
uga et al.,  which was ﬁrst published in 1992 for the formation of
l/Al and Al/Si3N4 wafer bonds [9].
The activation of the semiconductor surfaces is achieved by
emoving of the oxides and contaminations by sputtering with
∗ Corresponding author. Tel.: +49 761 45885423.
E-mail address: felix.predan@ise.fraunhofer.de (F. Predan).
ttp://dx.doi.org/10.1016/j.apsusc.2015.07.048
169-4332/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
an argon beam in a vacuum environment of the reactor chamber
(<3 × 10−6 Pa). At the same time, the crystal lattice is destroyed in
the ﬁrst few nanometers creating an amorphous layer [10]. The
polished wafers are pressed together, bringing the activated sur-
faces in close contact. This enables dangling bonds on the surfaces
to form covalent bonds, permanently joining the semiconductors
[11,12].
2. Experimental
An Ayumi SAB-100 wafer bonder was used to bond 4 in.
monocrystalline Si wafers to 2 in. monocrystalline GaSb wafers. The
bonder contains two  saddle ﬁeld FAB sources, where the Ar atoms
are ﬁrst ionized, then accelerated and ﬁnally neutralized. In this
setup, the energy of the argon atoms is approximately 0.4–0.6 times
the product of the elementary charge and the acceleration voltage.
The 300-m thick Si wafers with an (1 0 0) orientation received
a thermal phosphorous diffusion, leading to an n-type doping of
1 × 1020 cm−3 within the ﬁrst 50 nm.  A 500-nm thick GaSb epitaxial
layer with an n-type (Te) doping of 1 × 1018 cm−3 was grown onto
the GaSb wafers, which have an orientation of (1 0 0) 4◦ off towards
(1 1 1) A. This doping concentration is in the range of the highest
active doping concentration achievable for n-type GaSb [13]. A high
surface carrier concentration is beneﬁcial to overcome potential
barriers at the interface, thus achieving a high conductivity over
the heterojunction.
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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An essential condition for a successful process is, that the
afer surfaces have a RMS  roughness <1 nm [14]. This was accom-
lished by means of chemical-mechanical polishing, resulting in a
MS  roughness of 0.2 ± 0.03 nm for the Si substrates and of about
.5 ± 0.05 nm for the GaSb substrates. No further surface cleaning
reatment was applied prior to the bonding process. Furthermore,
t is elementary that the roughness is not signiﬁcantly increased by
he FAB treatment.
Therefore the inﬂuence of the Ar bombardment on the GaSb
urface was investigated using different durations of the sputter
reatment (between 2 and 60 min) and argon acceleration volta-
es (500, 620 and 740 V). The RMS  roughness of the GaSb surfaces
as measured before and after the sputter-etching at 5 random
ocations of the sample by means of atomic force microscopy
1 m × 1 m scan ﬁelds with a resolution of 512 × 512 pixels).
Several bonds were processed, at which some essential process
arameters were varied. This includes the temperature during the
putter-etching (20 and 120 ◦C), which represents also the bonding
emperature at which the wafers are pressed together. Further-
ore, the acceleration voltage of the Ar ions (500, 620 and 740 V)
nd the duration of the sputtering on the GaSb wafers (4, 8 and
2 min) were varied. The Si substrates were always sputtered for
 min  with an Ar acceleration voltage of 620 V. The anode current,
hich correlates to the sputter dose [15], was kept constant at a
alue of 50 mA.  The wafers were pressed together directly after the
ctivation for 5 min  with a force of 10 kN, to overcome remaining
ariations of the wafer thicknesses. Lastly, the temperature of the
ost-annealing treatment was varied (1 min  at 300, 350 and 400 ◦C).
The bond interfaces were macroscopically investigated for the
resence of voids by means of scanning acoustic microscopy (SAM)
16] using a frequency of 100 MHz  for the measurement. The optical
ransparency of the bonds was examined via spectrometric trans-
ittance measurements using a PbS detector, which is sensitive
or light up to 2.5 m.  The bonding strengths were investigated
ith the Maszara crack-opening method [17] and the electrical car-
ier transport over the GaSb/Si interface was investigated by dark
V-measurements. For this purpose, the bonded wafers were metal-
ized on both sides and diced into 3 mm × 3 mm pieces, which were
hen post-annealed, as described above. A Ti/Pd/Au/Ag contact was
hosen for n-GaSb and a Ti/Pd/Ag contact for n-Si. The actual resis-
ance and IV-characteristic of the bond interface was determined,
y subtracting the Ohmic metal contact and substrate resistances
rom the measured resistance of the metallized sample.
. Results and discussion
.1. GaSb surface roughnesses after deoxidation
Fig. 1 shows the resulting RMS  roughness of the GaSb wafer sur-
aces after deoxidation by sputter-etching with varying durations
f the Ar beam exposure and acceleration voltages.
It was found that within the ﬁrst 10 min  sputtering, the RMS
oughness is not increased due to the sputtering with argon atoms
ccelerated at a voltage of 620 V. After 20, 40 and 60 min  of the
putter treatment, the roughness increases to 0.7, 1.3 and 2.1 nm,
espectively. As GaSb exhibits different binding energies for Ga and
b in its crystal structure (Ga: 18.6 eV, Sb: 31.7 eV [18]), this behav-
or can be explained by selective sputtering of the GaSb, which
ecomes noticeable at longer sputtering durations after the oxide
s already removed. Malherbe et al. reported on a comparable selec-
ive sputtering behavior of InP [19]. In this case, the phosphide is
referentially sputtered and the mainly unbound indium on the
urface forms agglomerations in an atomic scale.
With the use of an increased acceleration voltage of 740 V, the
MS  roughness is already increased after 10 min  of FAB treatmentFig. 1. Summary of the RMS roughness of the GaSb surfaces after sputtering with
varying durations of the Ar-beam exposure and acceleration voltages.
to a value of 0.9 nm,  as there is extended damage induced by the
higher energy of the argon atoms. An even lower acceleration volt-
age of 500 V on the other hand, leads to no measurable change of
the roughness as it was the case for 620 V.
These ﬁndings are also represented by exemplary AFM images
of the GaSb surface, which are shown in Fig. 2.
According to the changes of the RMS  roughnesses, there is no
signiﬁcant altering of the GaSb surface topography after 10 min
sputtering with an acceleration voltage of 620 V (Fig. 2(b)) com-
pared to a polished GaSb surface without any sputter-etching
(Fig. 2(a)). On the other hand, after 10 min  sputtering with 740 V
(Fig. 2(c)) or 60 min  sputtering with 620 V (Fig. 2(d)) the altering of
the wafer surface becomes obvious.
In the case of silicon, it was  shown by Essig et al. and Howlader
et al. that the RMS  roughness is not altered by the Ar atom bom-
bardment using comparable atom energies and doses [4,20].
3.2. Characterization of the GaSb/Si wafer bonds
The GaSb and Si wafers could be bonded successfully with all
process parameters, except when an increased acceleration voltage
of 740 V was used for the activation of the GaSb surface. In this
case, the wafers could not be bonded, which can be explained by
the roughening of the GaSb surface after the sputter-etching at an
increased acceleration voltage (see Fig. 2(c)).
In general, the wafer bonds reveal only small circular areas
which were not bonded due to the presence of particles. Other-
wise, the bonds were complete up to the rounded bevel edge of the
GaSb wafer. In Fig. 3, an exemplary SAM image of a GaSb/Si bond is
shown. Here, both wafer surfaces were activated for 8 min with an
Ar acceleration voltage of 620 V.
It was not possible to determine the bond strengths by the
Maszara crack-opening method as the blade could not be inserted
in the bond interfaces without destroying the GaSb substrate. This
was the case for all successful bonded wafer pairs and speaks for a
strong and mainly covalent bond at the interface, resulting in high
bond energies, which are comparable to the energies in the GaSb
bulk crystal. This effect was  also reported by Kopperschmidt et al.
for hydrophobic GaAs/Si bonds, which were annealed at 850 ◦C [21].
For the veriﬁcation of the optical transparency of the GaSb/Si
bond interfaces, the spectral transmittance of bonded GaSb/Si
wafer pairs was  compared with the transmittance trough sole GaSb
and Si wafers. It showed that there is no signiﬁcant absorbance
of light intensity in the bond interface. This corresponds to the
expectations, as the direct bonding process should not induce any
absorbing layers at the boundary interface [10,11]. Yet, it has to be
noted that GaSb is absorbing until a wavelength of about 1750 nm,
so just light with a higher wavelength could be measured.
F. Predan et al. / Applied Surface Science 353 (2015) 1203–1207 1205
Fig. 2. AFM images of the GaSb surface topography after: no sputtering treatment (a), 10 min sputtering with an acceleration voltage of 620 V (b), 10 min sputtering with an
acceleration voltage of 740 V (c) and 60 min  sputtering with an acceleration voltage of 620 V (d).
Fig. 3. SAM image of an exemplary GaSb/Si bond. The darker region indicates the
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Fig. 4. IV-characteristics of n-GaSb/n-Si wafer bonds, which were processed at dif-
ferent bonding and annealing temperatures.
Table 1
Electrical interface resistances of GaSb/Si bonds, depending on the process
parameters.
Bond resistances (m cm2) after 1 min  post-annealing at
300 ◦C 350 ◦C 400 ◦C
Bonding temperature
20 ◦C 35.6 ± 5.3 16.6 ± 3.5 24.9 ± 5,1
120 ◦C 4.4 ± 2.2 2.2 ± 2.1 10.3 ± 3.5
Argon acceleration voltage
500 V 20.4 ± 3.7 8.6 ± 2.9 13.7 ± 3.8
620 V 4.4 ± 2.2 2.2 ± 2.1 10.3 ± 3.5
740 V – – –
GaSb sputter durationonded area, as the light spots indicate the not bonded areas, where a higher reﬂec-
ion of the acoustic wave at the boundary surface is prevalent.
In Fig. 4, IV-curves of the metallized samples are shown for
 bonding (and deoxidation) temperature of 120 ◦C and different
ost-annealing steps at 300, 350 or 400 ◦C for 1 min  each. One fur-
her IV-curve is shown for a bonding temperature of 20 ◦C with an
nnealing of 1 min  at 350 ◦C.Table 1 shows the interfacial resistivity after the bonding for dif-
erent process parameters. The calculation of these values is based
n the dark IV-curves. The resistivity for the bond processed at 20 ◦C
as calculated in the mostly linear region of ±0.1 V (compare with
4 min  5.7 ± 2.3 3.8 ± 2.5 28.7 ± 5.4
8  min  4.4 ± 2.2 2.2 ± 2.1 10.3 ± 3.5
12 min  1.5 ± 1.8 1.8 ± 2.3 7.6 ± 3.2
1 ace Sci
F
t
e
p
u
a
I
t
t
[
b
t
r
t
G
r
f
a
a
p
i
b
d
i
t
1
d
t
l
s
o
d
c
W
e
p
5
o
c
e
a
t
a
t
4
b
s
w
G
a
o
a
a
r
i
T
f
c
c
[
[
[
[
[
[
[
[
[
[
[
[206 F. Predan et al. / Applied Surf
ig. 4). As standard parameters for the bonding process, a bonding
emperature of 120 ◦C, an acceleration voltage of 620 V, an Ar beam
xposure duration of 8 min  were chosen. All variations from these
arameters are listed in Table 1. The stated error takes into account
ncertainties for the measurement of the metal contact, substrate
nd bond interface resistance.
Despite the high bond strength, non-linear Schottky diode like
V-characteristics were found for all samples bonded at 20 ◦C room
emperature. This can be correlated with the formation of a poten-
ial barrier exceeding ∼3kBT prevalent at the boundary interface
22]. According to Bengtsson et al.,  such a barrier in the conduction
and may  be formed by acceptor-like defects [23] and explained by
he amorphous layer created during the FAB activation process. Car-
iers are trapped in the defect states, hindering them to contribute
o the electrical conductivity. Differences in the electron afﬁnities of
aSb and Si do not explain the diode like IV behavior as both mate-
ial have similar electron afﬁnities (4.06 eV for GaSb and 4.05 eV
or Si [24]). It can be assumed, that with a higher bonding temper-
ture, the defect density is reduced and in fact, we have observed
n Ohmic IV-characteristics for the GaSb/Si bonds at 120 ◦C (com-
are Fig. 4) with interface resistivities of <5 m cm2, as it is listed
n Table 1. This low resistivity speaks for a high amount of covalent
onds at the interface [25].
Besides the inﬂuence of the temperature during bonding and
eoxidation, also the temperature of the annealing step after bond-
ng has a strong effect on the conductivity. In Fig. 4, it is shown, that
he bond resistance decreases, when the samples are annealed for
 min  at 350 ◦C instead of 300 ◦C. It has been already observed for
irect bonds between GaAs and Si, that the amorphous layer at
he interface is partly recrystallized during annealing, resulting in
ower resistances [4]. Surprisingly, all samples annealed at 400 ◦C
how a higher bond resistance (compare Table 1). A negative effect
f such a high temperature annealing could be induced thermal
amage, resulting from the difference in the thermal expansion
oefﬁcient (7.8 × 10−6 K−1 for GaSb and 2.6 × 10−6 K−1 for Si [26]).
hen an annealing temperature of 400 ◦C is used, the negative
ffect of a higher annealing temperature seems to outbalance its
ositive inﬂuence.
It was found, that with the use of an acceleration voltage of
00 V the bond resistivity increases compared to the use of voltage
f 620 V. It is possible, that the oxide on the GaSb surface was  not
ompletely removed within 8 min  sputter treatment with an accel-
ration voltage of 500 V. Zhou et al. showed that remaining oxides
t the bond interface hinders the carrier transport, thus increasing
he surface resistivity [27]. The bonding at an elevated Ar acceler-
tion voltage of 740 V was not successful, due to the roughening of
he surface described above.
. Summary and conclusion
In conclusion, we have demonstrated direct GaSb/Si wafer
onding after argon-beam surface activation. It was shown that
urface roughening of the polished GaSb wafers can be avoided
ith a sputter-etching treatment of up to 10 min. Fully bonded
aSb/Si wafer pairs with high bond energies were found, which
re comparable to the bulk energies in the GaSb crystal. With the
ptimized process parameters of a bonding temperature of 120 ◦C,
n Ar acceleration voltage of 620 V and a 1 min  annealing step
t 350 ◦C, it was possible to achieve a reproducible Ohmic car-
ier transport over the bond interface with resistivities <5 m cm2
ndependently of the GaSb sputtering duration of 4, 8 and 12 min.
ogether with the high bond energies, these low resistivities speak
or a high amount of covalent bonds at the interface. With these
haracteristics of the bond, the presented wafer bonding pro-
ess is suitable for various advanced applications in high speed
[
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electronics or long-wavelength optical devices like for multi-
junction solar cells.
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